
. 

I 
BY 

Charles T. D'Aiutolo,* William H. Kinard,H* and Robert J. Naumann3W 

ABSTRACl' 

I 

! 

The need f o r  d i rect  measurements i n  t h e  space environment t o  de- 
termine meteoroid pene t ra t ion  rates f o r  a p p l i c a t i o n  t o  s p a c e c r a f t  de- 
s i g n  i s  discussed.  
and t h e  Explorer X X I I I  s.?tellites and t h e  Pegasus series of sa te l l i tes  
are presented.  The primary experiment on t h e  Explorer s s te l l i t es  u t i -  
l i zed  t h i n  wall pressur ized  c e l l s .  
a r e a  of about '2 square meters on each s p a c e c r a f t  gave i n d i c a t i o n  of 
meteoroid puncture b,y l o s s  o f  i n t e r n a l  gas  pressure.  
winged Pegasus sa te l l i t es  measured meteoroid p e n e t r a t i o n s  over  a s u r -  
face a r e a  of more than  200 square meters us ing  e l e c t r i c a l  capac i tor -  
type  d e t e c t o r s  which discharge when penet ra ted .  
area on t h e s e  s p a c e c r a f t  permitted t h e  use of t a r g e t  m a t e r i a l s  up t o  
.Oh0 cm i n  th ickness .  
from t h e  satel l i tes  ar'e presented and compared with eqtimates of ex- 
pected p e n e t r a t i o n  rates. 

Recent pene t ra t ion  measurements by t h e  Explorer XVI 

These cells  covering an  aggregate  

Each of t h e  l a r g e  

The l a r g e  d e t e c t o r  

The p e n e t r a t i o n  s t a t i s t i c s  obtained t o  d a t e  

The s,Tt,elli t,e measurements appear t o  have s ign  i f i.cantly narrowed 
t h e  uncer ta j  n ty  i n  predict . i  ng t h e  penetr .a t i  on frequency i n  mater- ia ls  
approaching a c t u a l  spacecraf t  s k i n  th icknesse? .  F u r t h e r  measurements 
are r e q u i r e d ,  however, before an a c c u r i t s  maw-frequency d i s t r i b u t i o n  
of p e n e t r a t i n g  rneteoro-i.ds can be o s t a b l i s h e d .  
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RECENT NASA METEOROID PENETRATION RESULTS FROM SATELLITES 

BY 

Charles T. D'Aiutolo,rJ i l l iam H. Kinard,**and Robert J.  Naumann*** 

One of t h e  p r i n c i p a l  parameters to  b e  considered i n  t h e  design of 

space v e h i c l e s  i s  t h e  p o s s i b i l i t y  of damage r e s u l t i n g  from impacts with 

extraterrestrial  d e b r i s .  Depending upon t h e i r  k i n e t i c  energy, t h e  im- 

pingement of h igh-ve loc i ty  p a r t i c l e s  on s p a c e c r a f t  s t r u c t u r e s  may r e s u l t  

in s u r f a c e  erosion,  puncture,  or c a t a s t r o p h i c  r u p t u r e  of s e n s i t i v e  space- 

c r a f t  s t r u c t u r e s .  

The problem of t h e  spacecraf t  des igner  is t o  provide p r o t w t i o n  

f o r  v i t a l  p a r t s . o f  t h e  spacecraf t  and f o r  t h e  occupants,  i f  any. For 

t h i s  purpose he must be ab le  t o  estimate t h e  l ike l ihood o f  damage, i n  

f l i g h t ,  of s t r u c t u r e s  of various conf igura t ions  and m a t e r i a l s .  

Ear ly knowledge of the hazard r e s u l t i n g  from t h e  meteoroid environ- 

. .  ment was based on information obtained from two broad f i e l d s  of inqui ry  - 
astronomy, t h e  foremost source of  information,  and l a b o r a t o r y  hyper- 

v e l o c i t y  impact s t u d i e s .  

was used t o  es t imate  the  magnitude and c h a r a c t e r  of t h e  meteoroid hazard 

t o  Spacecraf t .  

Combined information f r a  t h e s e  two sources  

mo e a r l y  cs t imates  of t h e  meteoroid pene t ra t ion  frequency, based 

011 data Lrom thcsc sources,  are shown i n  Figure 1. The est imated num- 

ber of penet ra t ions  per square meter-day is p l o t t e d  a s  a funct ion of 

thjckncss l o r  the penet ra t ion  of aluminum s h e e t s .  The upper curve 
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coiiibincd an early estimate by Professor  Whipple (1958) of t h e  meteoroid 

f l u x  w i t h  a pene t sa t ion  cr i ter ia  determined experimental ly  by Char te rs  

and Summers (1959) a t  the  Ames Research Center and represented  a pess i -  

mis t ic  l i m i t  f o r  t h e  hazard.  The lower curve combining Watson’s (1956) 

estimate of t h e  meteoroid f lux  wi th  a t h e o r e t i c a l  pene t r a t ion  c r i te r ia  

der ived  by Bjork (1961) represented  an o p t i m i s t i c  l i m i t  f o r  t he  hazard.  

For a given material thickness ,  a n  unce r t a in ty  of over t h r e e  o rde r s  of 

magnitude e x i s t e d  i n  the est imated pene t r a t ion  frequency. To i l l u s t r a t e  

what such an unce r t a in ty  means i n  t h e  design of space v e h i c l e s  an example 

w i l l  be c i t e d .  In design s tud ie s  f o r  one p a r t i c u l a r  s p a c e c r a f t ,  us ing 

t h e  upper curve of Figure  1, i t  w a s  found t h a t  for adequate  meteoroid 

p ro tec t ion  an  a d d i t i o n a l  weight of about 12,500 pounds would be r equ i r ed .  

This weight would entai l  a severe performance penal ty .  Use of t h e  Lower 

curve r e s u l t e d  i n  no a d d i t i o n a l  weight f o r  meteoroid p ro tec t ion .  The 

dilemma of the  des igner  i s  r e a d i l y  apparent .  

I n  order  t o  narraw the u n c e r t a i n t i e s  t h a t  have e x i s t e d  i n  p r e d i c t i n g  

the  p r o b a b i l i t i e s  of meteoroid pene t r a t ions  i n  spacec ra f t  structures, the  

Of f i ce  of Advanced Research and Technology of t h e  Nat ional  Aeronaut ics  

and Space Adminis t ra t ion has formulated a comprehensive program of lnves- 

t i g a t i o n  which inc ludes  f l i g h t  experiments t o  measure meteoroid pene t ra -  

t i o n s  over n rnni?e of m a t e r i a l  th icknesses  i n  t h e  nea r -ea r th  environment. 

This paper w i l l  summarize t he  r e s u l t s  t o  date  from two series of 

spacec ra f t  in t h i s  pro#r;tm. F i r s t ,  t he  r e s u l t s  from the Explorer XVI 

and Explorer XXIII sntel l i tes ,  coch of which exposed t o  t he  meteoroid 

envirorilrietit toLa1 nren of  about 2.0 square  meters of  very t h i n  m a t e r i a l s  

! 
rind used pressur ized  c e l l s  as t he  prime experiment,  w i l l  be  presented .  
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Next, prel iminary results from t h e  l a rge  s a t e l l i t e s ,  Pegasus I and 11, 

each of which exposed more than 200 square meters of m a t s i i a l  thick- 

nesses  up t o  0.040 cm., using e l e c t r i c a l  capac i tor - type  d e t e c t o r s  which 

d ischarge  when penet ra ted ,  will be descr ibed .  F i n a l l y ,  a comparison of 

the  pre l iminary  r e s u l t s  from these  s a t e l l i t e  pene t r a t ion  measurements 

with the  l a t e s t  es t imates  based on observa t ions  of meteors w i l l  be  made. 

SPACECRAFT and EkPERIMENTS 

Explorer XVI 

Spacecraf t  - Two Explorer s e r i e s  micrometeoroid satell i tes have been 

launched t o  d a t e  wi th  the  primary ob jec t ive  of each t o  ob ta in  meteor- 

o id  pene t r a t ion  r a t e s  i n  r e l a t i v e l y  t h i n  t a r g e t  materials. The f i r s t  

of these  two s a t e l l i t e s ,  designated Explorer XVI (1962 Beta Chi 1) w a s  

launched December 16, 1962, from the  NASA Wallops S t a t i o n  otiboard a Scout' 

launch veh ic l e .  

k i lometers ,  a per igee of  750 k i lome te r s ,  and an i n c l i n a t i o n  to  the  e a r t h ' s  

equator  of 5 2 O .  

s t a g e  rocke t  motor which remained a s  p a r t  of the  o r b i t i n g  s a t e l l i t e  w a s  

233 pounds (106 ki lograms) .  

It was placed i n  an earth o r b i t  having an apogee of 1180 

The weight of  t he  s p a c e c r a f t ,  inc luding  the  spent  l a s t -  

Explorer XVI continued t o  t ransmi t  u se fu l  da ta  €or approximately 

scven and anc-txilf- months, f a i l i n g  on J u l y  22, 1963. Several  NASA Tech- 

n i c ; i l  Mcmornntltulis (Has t i n s s  - 1903, 1964) have been published t o  d a t e  

describing this s n t e l l i t e  and the data  I t  obta ined .  

hccn p r c s c i i t d  ;it v n r i o u s  o the r  symposia (D'Aiutolo - 1964, 1964a). 

The da ta  have a l s o  

Figure 2 i s  a photograph of the  Explorer XVI spacec ra f t .  It is  c y l i n -  

d r i c a l  i n  sh.?pe, 58.5 cm. i n  diameter ,  and 193 cm. long. The primary 
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penet ra t ion  d e t e c t o r s  onboard c o n s i s t e d  of pressur ized  ce l l s  mounted 

around t h e  per iphery of t h e  last  s t a g e  rocke t  motor. 

Other pene t ra t ion- type  d e t e c t o r s  placed on t h e  s p a c e c r a f t  were 

stainless s teel  covered g r i d  d e t e c t o r s  mounted i n  a r i n g  j u s t  a f t  of 

t h e  pressure  ce l l s ,  copper wire card  d e t e c t o r s  mounted i n  a r i n g  j u s t  

a f t  o f  t h e  s teel-covered gr id  d e t e c t o r s ,  and two cadmium s u l f i d e  c e l l  

d e t e c t o r s  mounted on t h e  spacecraf t  nose s e c t i o n .  Sounding-board type 

impact d e t e c t o r s  were a l s o  mounted on t h e  s p a c e c r a f t  nose s e c t i o n .  

Experiments - Figure 3 i s  a drawing of t h e  pressur ized  c e l l  type pene- 

t r a t i o n  d e t e c t o r .  The ce l l  c o n s i s t s  of a t h i n  exposed s u r f a c e  i n  which 

p e n e t r a t i o n s  a r e  de tec ted ,  a base p l a t e ,  a pressure  s e n s i t i v e  capsule ,  

and a microswitch.  Each c e l l ,  which i s  approximately 5.0 cm. i n  diameter 

and 18.8 cm. long, i s  f i l l e d  w i t h  helium. When the  c e l l  i s  punctured, 

t h e  gas l eaks  o u t  and t h e  r e s u l t i n g  pressure  loss a c t u a t e s  t h e  switch 

t h a t  s i g n a l s  t h e  telemeter of the  p e n e t r a t i o n .  Each ce l l  can only d e t e c t  

one p e n e t r a t i o n .  

cause of previous experience i n  f a b r i c a t i n g  pressure  diaphragms. 

B e r y l l i u m  copper was s e l e c t e d  as t h e  c e l l  material be- 

A t  t h e  t i m e  Explorer X V I  was launched, no d i r e c t  measurements of 

meteoroid pcue t rn t ion  r a t e s  e x i s t e d ,  and as shown previous ly ,  estimates 

of expected ratcs  v a r i e d  by o r d e r s  of magnitude. To i n s u r e  t h a t  some 

u s e f u l  pencuration da ta  would be obtained,  t h e  number of c e l l s  of each 

thickness  w a s  v a r i c d  invcraely as the  c e l l  s k i n  th ickness .  The exact  

c e l l  d i s t r i b u t i o n  and thickness  w a s  as follows: 100 - 0.0025 c m .  c e l l s  

f o r  a t o t a l  exposed area of 1.0 square meters,  40 - 0.0051 cm. c e l l s  

I .  

4 



for a t o t a l  exposed area of 0.4 square meters, and 20 - 0.0127 c m .  c e l l s  

for a t o t a l  exposed area of 0.20 squars izeters. 

The s t a i n l e s s  steel  covered g r i d  d e t e c t o r  (Davidson and Winslow, 1964) 

i s  shown i n  Figure 4.  

w i t h  each s i d e  being about 11.6 cm. long. The s t a i n l e s s  steel covers  were 

0.0025, 0.0076, and 0.0152 cm. th i ck .  

which has  a t h i n  continuous g r i d  c i r c u i t .  

i n d i c a t e s  when t h e  S t a i n l e s s  steel cover p l a t e  i s  penet ra ted .  The area 

d i s t r i b u t i o n  f o r  t hese  de t ec to r s  is as follows: 0.14 square  meters of 

0.0025 cm., 0.19 square meters of 0.0076 cm., and 0.023 square  meters of 

0.0152 cm. 

These d e t e c t o r s  were made in t r i a n g l u l a r  segments 

They were bonded t o  1 2 . 7 4  mylar 

A break i n  t h i s  cont inuous g r i d  

Explorer M I 1 1  

Spacecraf t  = The primary mission of the  second explorer  meteoroid satel-  

l i t e ,  Explorer XXIII (1964 - 74a) was t o  b e t t e r  de f ine  t h e  pene t r a t ion  

f l u x  i n  the  0.0051 cm. m a t e r i a l  and ob ta in  a d d i t i o n a l  da t a  i n  0.0025 cm. 

m a t e r i a l ,  thus  e s t a b l i s h i n g  a t  a h igher  confidence l e v e l  t he  slope of t h e  

pene t r a t ion  flux curve i n  the reg ion  of 0.0025 cm. rind (J.0051 c m .  t l i i c  k 

materials. This spacec ra f t  was launched on Novmhcr 0 ,  I'MJ'I, From t.ha* 

NASA Wallops S t a t i o n  onboerd a Scout launch v e h i c l e .  It was placed i n  an 

e a r t h  o r b i t  Ilclving :in npogce of  979 ki lometers ,  n per igee  of 464 kilome- 

leis, and . I I I  i n r l  i na t ion  to the  e a r t h ' s  equator  of 52 . The weight of  

tlic s p n c c c r a l t  , i n c  ItidLng the s p e n t  Last-s tage rocke t  iiiotor which re- 

ninined ;is part (11 t h c  orbiLing s a t e l l j  t e ,  was 2% pounds (135 ki lograms) .  

0 

A plio1o:;raph 01- Explorer M I 1 1  i s  shown i n  Figure 5. It i s  bas i -  

c a l l y  very s i in i l : lr  to Explorer XVI. 'ffie primary pene t r a t ion  d e t e c t o r s  

wcre the pres su r i zed -ce l l  type de t ec to r  which was flown on Explorer  XVI: 



however, the Explorer XXIII de tec to r s  were made of s t a i n l e s s  s t e e l  r a t h e r  

than bery?lL.~z copper.  

s tainless s teel  t o  be used, t h i s  material was s e l e c t e d  because i t  i s  a 

Since f a b r i c a t i o n  techniques had advanced t o  allow 

more t y p i c a l  spacec ra f t  s t r u c t u r a l  material. 

Explorer XXIII has 70 c e l l s  of 0.0025 cm. s t a i n l e s s  f o r  a t o t a l  a r ea  

of 0.69 square meters and 140 c e l l s  of 0.0051 cm. s t a i n l e s s  f o r  a t o t a l  

a r ea  of 1.38 square meters. The a rea  th ickness  d i s t r i b u t i o n  was s e l e c t e d  

t o  provide approximately equal da t a  i n  the  0.0025 cm. and 0,0051 cm. c e l l s  

based on the  pene t r a t ion  r a t e  da t a  obtained by Explorer XVI. 

Explorer XXIII a l s o  has  onboard two capac i tor - type  penet ra t ion  de tec-  

t o r s  which have a combined t o t a l  a r e a  of 0.073 square meters. 

Experiments - The primary penet ra t ion  d e t e c t o r s ,  p ressur ized  c e l l s ,  a r e  

descr ibed above. 

Figure 6 shows t h e  d e t a i l s  of t h e  capac i tor - type  d e t e c t o r s  which a r e  

onboard. Each d e t e c t o r  i s  approximately 16.8 cm. by 2 1 . 1  c m .  The o u t e r  

t a r g e t  ma te r i a l  is 0.002 cm. s t a i n l e s s  s t e e l .  

a b i lamina te  of 4 q m y l a r  i s  bonded toge ther  and t o  the  s t a i n l e s s  s t e e l  

wi th  the  th ickness  of each adhesive bond being approximately 0.76 microns.  

Approxiniately 0.34of copper a r e  deposi ted on t h e  r e a r  su r face  of the  

d i e l e c t r i c  t o  serve a s  t he  r e a r  capac i to r  e l ec t rode .  

Thc capric i ( o r a  are charged t o  approximately 14 v o l t s .  

A d i e l e c t r i c  c o n s i s t i n g  of 

The opera t ion  

oi thc detector Jcpcntls on ion iza t ion  being c rea t ed  by the  energy d i s s i -  

pcited by ti  pcnet ratin!: meteoroid.  This i o n i z a t i o n ,  which i s  very sho r t -  

lived, provides R coriducting path through which the capac i to r  i s  p a r t i a l l y  

discharged.  The discharging of the  capac i to r  thus provides  the  s i g n a l  of 
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t h e  pene t ra t ion  event .  Since t h e  s h o r t i n g  mechanism i s  temporary, t h e  

d e t e c t o r  can recharge and be used repea ted ly  f o r  d e t e c t i n g  meteoroid 

pene t ra t ions .  

Pegasus I and I1 

Spacecraf t  - The primary mission of t h e  Pegasus s p a c e c r a f t  i s  the  measurc- 

ment of meteoroid pene t ra t ion  rates i n  m a t e r i a l s  up t o  0.040 cm. i n  th ick-  

ness .  The f i r s t  s p a c e c r a f t ,  Pegasus I (1965-09A), was launched on Feb- 

ruary  16, 1965, from Cape Kennedy onboard t h e  SA-9, Saturn I launch ve- 

h i c l e .  

a per igee of 495 ki lometers ,  and an i n c l i n a t i o n  t o  t h e  e a r t h ' s  equator 

of 32'. The second spacecraf t ,  Pegasus I1 (1965-39A), w a s  launched from 

Cape Kennedy on May 25, 1965, onboard t h e  SA-8, Saturn I launch v e h i c l e ,  

and was placed i n t o  almost an i d e n t i c a l  o r b i t  having t h e  following pa- 

rameters: 

n a t i o n  of 32O. 

on Ju ly  30, 1965, from Cape Kennedy onboard the SA-10, Saturn I launch 

v e h i c l e ,  and placed i n t o  a n e a r - c i r c u l a r  e a r t h  o r b i t .  I ts  parameters 

a r e :  

29'. 

o r b i t  a few weeks, chc r e s u l t s  obtained w i l l  n o t  be repor ted  h e r e i n ,  but  

It was placed i n  an e a r t h  o r b i t  having an apogee of 740 ki lometers ,  

apogee - 745 kilometers ,  per igee  - 510 k i lometers ,  and i n c l i -  

A t h i r d  Spacecraf t ,  Pegasus 111 (1965-60A), w a s  launched 

apogee - 541 ki lometers ,  per igee  - 520 k i lometers ,  and i n c l i n a t i o n  - 
Since a t  the  t i m e  of t h i s  w r i t i n g  Pegasus I11 has only  been i n  

w i l l  bc! p i ~ b l i s h c t l  elsewhere a t  o l a t e r  d a t e  when more d a t a  a r e  a v a i l a b l e .  

Each spriccv.r-;lft W A S  ident ical .  i n  c o n f i g u r a t i o n .  Fi.gure 7 i s  an 

~ i - t i ~ t ' g  cwiccpt  o i  ~ I i t ?  l'cgnsus s p a c e c r a f t  i n  orbi t . ,  h i r i n g  launch t h e  

S Q ~ C ~ C ~ R ~ L  w n s  Io ldcd  and when i n s e r t e d  i n t o  o r b i t  was extended I n  an 

accord ion- l ike  rnanncr. To provide a l ifetime of a least  one year,  t h e  
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s p a c e c r a f t  remained a t tached  t o  the  spen t  second s t a g e  of the launch 

v e h i c l e .  In  the  f u l l y  extended condi t ion ,  t he  spacec ra f t  has  a span 

of about 29.2 meters. Exclusive of t h e  a t t ached  spent  second s t a g e ,  

t he  weight is  about 3200 pounds (1455 ki lograms) .  

Experiments - The penet ra t ion  d e t e c t o r s  onboard c o n s i s t  of p a r a l l e l  

p l a t e  c a p a c i t o r s .  

spacec ra f t  suppor ts  208 such d e t e c t o r s ,  each of which measures 50 x 100 

cm. and a r e  a t t ached  t o  both s i d e s  of the  wings. A s  shown i n  F igure  8,  

t h e  p a r a l l e l  p l a t e  capac i tor  pene t r a t ion  d e t e c t o r s  are formed by back- 

ing  t a r g e t  shee t s  w i th  A 1 2 4 m y l a r  t r i l amina te  which, i n  tu rn ,  is 

backed by a vapor-deposited copper l aye r .  

The e rec t ab le  wingl ike  s t r u c t u r e  of the  Pegasus 

The capac i to r s  are bonded 

t o  each s i d e  of a 2.54 cm. foam c o r e  which acts as a s t r u c t u r a l  support  

as w e l l  as  a h a r r i e s  t o  prevent t h e  meteoroid and d e b r i s  r e s u l t i n g  from 

pene t r a t ion  of one capac i tor  from impinging on the  oppos i te  c a p a c i t o r .  

An Alodine coa t ing  is placed on the  t a r g e t  s h e e t s  f o r  thermal c o n t r o l .  

Thicknesses of t he  t a r g e t  shee t s  are  as follows: 

2 O q - 2 0 2 4  T-3 aluminum, and 400A(-2024 T-3  aluminum. 

s t r u c t u r e  provides 194.5 square meters of instrumented a rea  o f  which 

1 7 1  square mr ters  is a l l o c a t e d  t o  the  4 0 0 4  t h i ckness ,  16 square meters 

to t he  2 0 0 4  thickness, and 7.5 square  meters t o  the  

My-1100-0 aluminum, 

The wingl ike  

4 0 4  th ickness .  

The /+004( a rea  is sribdivided i n t o  48 i d e n t i f i a b l e  log ic  groups,  

each c n n t n i l ~ i n ! ~ ,  5-8 ind iv idua l  d e t e c t o r  s h e e t s ;  the 2 0 0 Y a r e n  has  

G logic !:rcwps, each containink; 3-8 ind iv idua l  d e t e c t o r s ;  t he  40+ 

a r e a  has H logic grotips, each wi th  2 d e t e c t o r s .  Figure 9 shows the  

a 



l o c a t i o n  oi the  var ious  panel l o g i c  groups.  The no ta t ion  on t h i s  f i g -  

u re  is a s  t.n!lnw*;: 

th ickness ;  tltc l e t t e r  B r ep resen t s  t h e  Z O O 4  th ickness ;  and the l e t t e r  C 

r ep resen t s  t h e  4 0 4  thickness .  

Tlie number without  a l e t t e r  r ep resen t s  t he  4 0 0 4  

A pene t r a t ion  through the de t ec to r  t a r g e t  shee t  and mylar d i e l ec -  

t r i c  momentarily s h o r t s  the capac i to r  d e t e c t o r  which i s  normally main- 

ta ined  a t  a 40-V p o t e n t i a l  by a network of c u r r e n t  recharge ampl i f i e r s  

(CRA). The energy s to red  in  the capac i to r  i s  dumped i n t o  the  shor ted  

a r e a ,  which burns away t h e  Cu vapor depos i t  and c l e a r s  the de t ec to r  i n  

approximately 1 s e c .  The i n i t i a l  vo l t age  drop ac ross  the capac i to r  

s t a r t s  an i n t e g r a t o r  i n  the h i t  d e t e c t o r  which i n t e g r a t e s  t he  vo l t age  

v a r i a t i o n  ac ross  the  de tec tor  panel f o r  2504- sec .  I f  the i n t e g r a t e d  

vol tage- t ime product is grea te r  than a c e r t a i n  predetermined value,  a 

h i t  word is w r i t t e n  i n  the  memory and a cumulatibe counter is i n c r k e n c e d .  

The recharge of the  panel i s  accomplished by 3 CRA's which a r e  se- 

lec ted  by n d iode - re s i s to r  log ic  mat r ix  i n  a crlique p a t t e r n  f o r  each 

logic group. This p a t t e r n  a l s o  i s  w r i t t e n  i n t o  t h e  h i t  word. 

I n  labora tory  t e s t i n g  o f  the  d e t e c t o r s ,  i t  was found t h a t  the d t s -  

charge vo l t age  produced by a h igh-ve loc i ty  p a r t i c l e  ranges from f r a c t i o n s  

of v o l t s  t o  fuLL discharge.  No d i r e c t  c o r r e l a t i o n  between d ischarge  

l e v e l ,  and nnv p r o j e c t i l e  property could be found, although the re  w a s  

some i nd ica t ion  t h a t  the s igna l  l e v e l s  increased somewhat a t  higher  ve- 

l o c i t i e s .  

s e l e c t e d  so th:i t  a t yp ica l  d i scharge  of 4 v o l t s  would be r e g i s t e r e d  on 

The voltage-time product requi red  t o  record a h i t  word was 
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Pegasus I1 and 111, 3 v o l t s  on t h e  4 0 9  panels  on Pegasus I, and 5 

v o l t s  on t h e  remainder of the Pegasus I panels .  Laboratory tests 

i n d i c a t e  t h a t  t hese  s e t t i n g s  would accept  80 t o  90% of the s i g n a l s  

r e s u l t i n g  from meteoroid pene t ra t ions .  

RATE OF METEOROID PENETRATIONS 

Explorer XVI 

Accumulative Penet ra t ions  - Explorer XVI has  provided t h e  f i r s t  s i g -  

n i f i c a n t  d a t a  on t h e  pene t ra t ing  c a p a b i l i t y  of meteoroids  i n  t h i n  

s t r u c t u r a l  materials. Figure 10 shows the  accumulated punctures a s  a 

func t ion  of time f o r  the  0.0025 cm.  and 0.0051 cm. beryllium-copper 

pressur ized  c e l l s  as  well as  t h e  0.0025 c m .  and 0.0076 cm.  s t a i n l e s s  

s teel  covered g r i d  de t ec to r s .  The d a t a  presented extend from Decem- 

ber  16, 1962, (launch) through J u l y  22, 1963, a t  which t i m e  t he  space- 

c r a f t  ceased t o  t ransmit  da ta .  During t h e  seven and one-half  months 

i n  o r b i t ,  f o r ty - fou r  0.0025 cm. beryll ium-copper and eleven 0.0051 cm. 

beryll ium-copper pene t ra t ions  had been recorded.  There have a lso been 

six 0.0025 cm. s t a i n l e s s  steel  and one 0.0076 cm. s t a i n l e s s  s tee l  pene- 

t r a t i o n s  recorded i n  t h i s  t i m e  per iod .  

severa l  penet-rat ions of the cadmium-sulfide c e l l  were recorded.  

t r o t  reported, two pcmetrntiotis were recorded in copppr wire card  de- 

t e c t o r s .  Therc. wcrc no penet ra t ions  recorded i n  e l r h e r  of the  0.0127 c m .  

beryll ium-copper pressur ized  c e l l s  or  t he  0.0152 cm. s t a i n l e s s  s t ee l  

w i r e  grid. 

As discussed by Sccre tan  (1965), 

Although 

Penet ra t ion  Rates - The penet ra t ion  da ta  t h a t  have been obtained from 

the pressure  c e l l s  and the s t a i n l e s s  s tee l  covered g r i d  d e t e c t o r s  are 

10 
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s l ~ o w n  i r ~  1:iy.tn-e I t .  Thc t h i c k n e s s  of  thc: d e t w t o r  tnrgeC is ploLtcd 

on the- ;1I)sc1:;r;n i in t i  (.he p ~ i i c k i i c  rz'_r. is p1oLLed on the  o rd ina te .  

Some very prelimjniiry impact t e a t s  performed a t  LRC and a t  Ames 

have i nd ica t ed  t h a t  equal thicknesses  of the  s t a i n l e s s  s t e e l  used and 

t h e  beryl l ium copper used have a p p r o x h a t e l y  the same r e s i s t a n c e  t o  

penetra  t i a n .  
-6  2 

It can be seen t h a t  a f lux  of 3.86 x 10 punctures/meter - s ec .  

was observed i n  the  0.0025 cm. pressure  c e l l s .  This f l u x  is based on 

the  44 penet ra t ion  events .  The f l u x  measured i n  t h e  0.0051 cm. c e l l s  

is 1.99 x punctures/meter -sec.  based on the  11 events .  As s t a t e d  2 

above, t he re  were no penet ra t ions  observed i n  the  0.0127 cm. c e l l s  and 

the  poin t  s h a m  i n  Figure 11 rep resen t s  an upper l i m i t  of t h e  f l u x .  

The stainless s t e e l  covered d e t e c t o r s ,  due t o  t h e i r  small exposed 

a r e a ,  r'eceived a small number of pene t r a t ions .  The six 0.0025 cm. 

- 6  2 pene t r a t ions  g ive  a flux r a t e  of 1.329 x 10 punctures/meter - s e c . ,  

- 7  
while  the  one 0.0076 cm. pene t ra t ion  g ives  a flux r a t e  of 8.68 x 10 

punctures/meter '-sec.  

In s u m a r y ,  Explorer XVI e s t ab l i shed  wi th  a reasonable  l e v e l  of 

confidence the pene t ra t ion  f l u x  i n  0.0025 cm. beryl l ium copper and t o  

R reduced confi.dencc l eve l  the f l u x  in 0.0051 cm. beryl l ium copper.  

The s t a i n l e s s  s t e e l  data seem t o  agree  with the beryll ium r e s u l t s .  

Explorer XXIII 

Accumulative Penctrat-ions - Presented i n  Figure 12 Is t h e  accumulated 

punctures a s  ii func t ion  o i  time for the  0.0025 cm. and 0.0051 cm. s t a i n -  

Less s r c e l  p ressur ized  c e l l s .  The da ta  presented extend from November 6 ,  

11 
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1- - 

- .  1964, (launch) through Ju ly  22, 1965. In t h i s  time period,  f o r t y - t h r e e  

0.0025 cm. and f i f t y - f o u r  0.0051 cm. p re s su r i zed  c e l l s  have been pene- 

t r a t e d .  There have a l s o  been two pene t r a t ions  recorded i n  t h e  capac i -  

t o r  d e t e c t o r  during the  same time per iod .  

Penet ra t ion  R.ites - The penet ra t ion  da ta  obtained by Explorer XXIII 

p r i o r  t o  J u l y  2 2 ,  1965, i s  presented i n  F igure  13,  which i s  a p l o t  of 

t he  pene t r a t ion  r a t e  on the o r d i n a t e  and t h e  material th ickness  on t h e  

absc i s sa .  The pene t r a t ion  rates f o r  t he  0.0025 cm. and 0.0051 cm. ma- 

te r ia l s  are  3.74 x 10 and 1 8 7  x penetration/meter2-sec., re- 

spec t ive ly .  

-6 

AS of  J u l y  22, 1965, the capac i to r  d e t e c t o r s  had been penet ra ted  

only  twice, and as a r e s u l t ,  c a l c u l a t e d  pene t r a t ion  rates f o r  t hese  de- 

t e c t o r s  have l i t t l e  s ta t i s t ica l  s i g n i f i c a n c e .  The c a l c u l a t e d  ra te  f o r  

t he  capac i to r s  does seem to  be  i n  reasonable  agreement wi th  t h e  1 - m i l  

p r e s su re  c e l l s .  The f a c t  t h a t  t he  capac i to r  d e t e c t o r  ra te  i s  low, com- 

pared t o  the pressure  c e l l  rate,  could r e s u l t  from e i t h e r  or  both of  

two f a c t o r s .  The f i r s t  f ac to r  as a l ready  mentioned i s  the  small d a t a  

sample of  only two even t s .  The second f a c t o r  which would cause t h e  

capac i to r  d e t e c t o r  rates t o  be lower than c e l l s  r e s u l t s  from a d i f f e r -  

ence i n  the  threshold  de t ec t ion  f o r  each d e t e c t o r .  The p res su re  ce l l  

d e t e c t o r s  w i l l  i n d i c a t e  as  a pene t r a t ion  any impact t h a t  pene t r a t e s  i n  

tlie matcriril n s u f f i c i e n t  depth t o  a l low small c racks  t o  develop be- 

tween ~ h c  cr;iter bo t tom and t he  rear of the  p l a t e .  The a c t u a l  pene- 

t r a t i o n  dcptlr i n  thcse c a s e s  may be only 2 / 3  t he  th ickness  of the  p l a t e .  

Tho capac i to r  dctecLors ,  on t he  o the r  hand, r e q u i r e  n complete 

12 



pene t r a t ion  of the  t a r g e t  and t h e  d i e l e c t r i c  forming the  capac i to r  be- 

f o r e  a n  impact is de tec t ed  and consequeiii ly,  cvcn t ! invgh both types of 

d e t e c t o r s  have 0.0025 c m .  p la tes ,  t he  capac i to r  w i l l  r e q u i r e  a l i t t l e  

l a r g e r  p a r t i c l e  under the  same impact v e l o c i t i e s  t o  d e t e c t  a pene t r a t ion .  

Figure 14 compares the  r e s u l t s  of Explorer X V I  and Explorer XXIII. 

It can be seen t h a t  t he  da ta  from t h e  beryll ium-copper p re s su re  cel ls  

o f  Explorer XVI f a l l  a lmost  on top of t he  d a t a  obtained by t h e  stain- 

less steel ce l l s  of Explorer XXIII. This  f a c t  supports  the  f ind ing  

from ground tes ts  which ind ica ted  t h a t  t h e  s t a i n l e s s  s tee l  and beryll inm- 

copper material used both have about t he  same resistance t o  pene t r a t ions .  

There i s  a l s o  good agreement i n  the  da t a  obtained from t h e  0.0025 cm. 

pressur ized  ce l l s  and t h e  0.0025 cm. s t a i n l e s s  s teel  g r i d  d e t e c t o r .  

L i t t l e  s i g n i f i c a n c e  can bc placed i n  t h e  0.0076 cm. s ta inless  s teel  

g r i d  da t a  and the 0.0127 cm. beryll ium-copper ce l l  da t a  s i n c e  only one 

pene t r a t ion  was recorded i n  t h e  g r i d  de t ec to r  and no pene t r a t ions  were 

recorded i n  tlic beryl l ium copper c e l l  d e t e c t o r .  

With the  1:irge Lotnl da t a  sample obta ined  by both s a t e l l i t e s ,  the  

rates a t  the  0,0025 cm. and 0.0051 cm. m a t e r i a l s  based on the  p re s su re  

c e l l  nieosiirenien t:s a r c  e s t ab l i shed  wi th  very good confidence as evidenced 

by the  confidence l i m i t s  shown on the  d a t a  p o i n t s .  

Pegasus I and I1 

Minor instrumentat ion d i f f i c u l t i e s  i n  Pegasus I prevented panel 

i d e n t i f i c a t i o n  and recharge t i m e s  from being recorded f o r  t he  200 and 

4 0 9  panels .  A L S O ,  i t  was found t h a t  t hese  panels  had a tendency t o  

hecome i n t e r i n i t t c n t ,  that i s  a s i n g l e  panel may suddenly gene ra t e  many 
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h i t  words i n  t h e  space of a few o r b i t s .  It i s  bel ieved t h a t  such a 

condicioa La caused by’ debr i s  o r  ragged edges around a meteoroid per-  

f o r a t i o n  t h a t  produce p o i n t  phys ica l  shor t ing .  

t h e  c a p a c i t o r  would burn away such a s h o r t ,  bu t  thermal expansion and 

c o n t r a c t i o n  could cause t h e  process to  r e p e a t  many times. Laboratory 

tes t s  t o  i n v e s t i g a t e  t h i s  phenomenon w i l l  b e  conducted i n  t h e  near  

f u t u r e .  

The energy s t o r e d  i n  

Pegasus I received four h i t  i n d i c a t i o n s  on the  4 0 0 q  panels i n  

t h e  f i r s t  11 days. 

t i m e ,  and the  lack 01 panel i d e n t i t y  precluded separa t ing  v a l i d  h i t s  

from t h e  i n t e r n l i t t e n t  events a f t e r  t h a t  t i m e .  Based on four events i n  

2 2 
1925 m days,  the  pene t ra t ion  frequency i s  .0021/m days.  

However, several panels  became i n t e r m i t t e n t  a t  t h a t  

For Pegasus I, a very  high f r a c t i o n  of t h e  p e n e t r a t i o n s  on t h e  2 0 0 4  

panels  r e s u l t e d  i n  s h o r t s  and s i n c e  t h e r e  are only s i x  l o g i c  groups, t h e  

2 0 0 4  a r e a  very  quickly became l o s t .  There were n i n e  h i t  i n d i c a t i o n s  in 

248/m days exposure which r e s u l t e d  i n  a pene t ra t ion  frequency o f  .036/m 

days. Again i t  should be  pointed o u t  t h a t  t h e  200 and 4 0 0 q  h i t  words 

did n o t  conrain panel i d e n t i t y  or recharge  t i m e  un less  a s h o r t  r e s u l t e d .  

Therefore ,  some of the t e s t s  f o r  v a l i d i t y  could not be made. 

2 2 

The 4Of panela gave panel i d e n t i f i c a t i o n  about 70% of t h e  t i m e  for 

Pcgnsris I :itid :ire still Lrinctiouing extremely well. 

t r n t l o n s  have been recorded i n  858/m2 days f o r  a f l u x  of .121/m 

A t i m e  h i s t o r y  of the cumulative events  is shown i n  Figure 15. 

A total of 104 pene- 

2 days.  

The number of Penet ra t ions ,  area-time exposure,  and puncture f r e -  

quency observed by Pegasus I and I1 (as of J u l y  20,  1965) are summarized 



in Table I. Note t h a t  t he  few punctures  observed i n  the  2004a % d 4 0 0 4  

Pegasus I d e t e c t o r s  are i n  reasonably g o d  agreewnt  wi th  Pegasus I1 

r e s u l t s .  The t o t a l  4 0 4  events g i v e  a somewhat h igher  puncture ra te  

f o r  Pegasus I1 than for Pegasus I. 

One poss ib l e  explanat ion may be seen be  comparing t i m e  h i s t o r y  of 

t h e  40A( ciiniulntive counts  on Pegasus I1 (Figure 16) with F igure  15. 

There appears  t o  be  a s i g n i f i c a n t  Inc rease  i n  counts dur ing  t h e  per iods 

June 6 t o  June 12. It is i n t e r e s t i n g  t o  note  t h a t  t h i s  per iod cor re-  

sponds with times of known meteor shower a c t i v i t y ,  i .e.,  t h e  A r i e t i d s  and 

t h e y  - Perse ids .  

counts  g ives  a sporadic  background t h a t  i s  very c l o s e  t o  t h e  Pegasus I 

r e s u l t .  Of course,  a reasonable  explana t ion  must be found f o r  t he  non- 

observa t ion  of the  showers by Pegasus I. 

Subtract ing the  shower events  from t h e  Pegasus I1 

One p laus ib l e -exp lana t ion  may be found i n  the  d i f f e r e n c e  of t h e  

r o t a t i o n a l  behavior of t h e  two sa t e l l i t e s .  Angular momentum i n  the 

form of rotation about the x-axis  was imparted t o  both spacec ra f t  when 

the  r e s i d u a l  p rope l l an t s  were vented.  Since the x-axis  is a p r i n c i p a l  

axis of  least  moment of i n e r t i a ,  such a r o t a t i o n a l  s ta te  i s  quas i - s t ab le  

f o r  a seni i -r igid body. 

r o t a t i o n a l  energy stnte ( i .e . ,  r o t a t i o n  about t h e  z -ax i s ,  which i s  the  

a x i s  of iiinximum moment  of i n e r t i a )  i n  15 days.  This  r o t a t i o n  s t a b i l i z e d  

the  sensor  plane i n  space. Gravi ty  grad ien t  torque causes a precession 

of the r o t a t i o n n l  a x i s  which provides  a r e l a t i v e l y  slow scanning of the  

c e l e s t i a l  sphere. 

Pegasus I underwent a t r a n s i t i o n  to t h e  minimum 

Tlic r e s u l t  of this motion may be seen i n  tcnns of the  angle  t h e  sun 

iiinkcs w i t h  tlic sensor plane shown tn  Figure 1 7 .  k c l i m i n a r y  a n a l y s i s  
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* .  
0 i n d i c a t e s  t h a t  the  normal to the  sensor  plane made angles  of 50 and 

during t h e  times of of  peak a c t i v i t y .  

shower d i r e c t i o n  i.s reduced by t h e  cos ine  of t h e  angle  of inc idence ,  

and s i n c e  t h e  pene t ra t ing  a b i l i t y  of an impacting meteoroid f a l l s  

roughly as t h e  2 / 3  power of t h e  cos ine  of the  angle  of inc idence ,  i t  

i s  understandable  t h a t  these  showers may be missed by Pegasus I. Of 

course ,  t h e  d e v i a t i o n  t h a t  was a t t r i b u t e d  t o  shower events  i n  Pegasus I1 

d a t a  is  small  and may very w e l l  be nothing more than a c o i n c i d e n t a l  sta-  

t i s  t i c a  1 f l u c t u a t i o n .  

Since t h e  a r e a  presented t o  t h e  

Pegasus 11, f o r  reasons t h a t  are n o t  y e t  completely c l e a r ,  r e t a i n e d  

i t s  r o t a t i o n  about t h e  x-axis .  This r o t a t i o n a l  conf igura t ion ,  toge ther  

w i t h  t h e  lower angular  momentum imparted t o  it, r e s u l t s  i n  a more r a p i d  

precession o f  the  r o t a t i o n a l  a x i s  as is evident  i n  Figure 18, which 

shows t h e  angle  between the sun and t h e  r o t a t i o n a l  a x i s .  The motion i s  

such t h a t  the  e n t i r e  c e l e s t i a l  sphere is  s w e p t  wi th  t h e  sensor  a x i s  i n  

a period of a single day. 

a population of d e t e c t a b l e  p a r t i c l e s  s u f f i c i e n t l y  above the  sporadic  

Therefore ,  t h e  observat ion of showers having 

background i s  v i r t u a l l y  assured.  

The time h i s t o r i e s  of the  2 0 0 q n n d  4 0 0 4  cumulative counts a r e  

shown i n  Figures 19 and 20. The sampling r a t e s  fo r  t h e s e  th icknesses  

a r e  too low to see any shower e f f e c t s .  

The penet ra t ion  r a t e s  i n  t h e  var ious  th icknesses  f o r  Pegasus I and 

I1 a r e  shown i n  r e l a t i o n  t o  one another  i n  Figure 2 1 .  

i n d i c a t e  95% confidence l i m i t s .  

The e r r o r  bars  
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COMPARISON OF METEOROID PENETRATION RATES 

The d i r e c t  near -ear th  meteoroid penecracion rriasiiisTa=nts o b t a i ~ e r l  

from Explorer X V I  and Explorer XXIII, as w e l l  a s  Pegasus I and 11, are 

compared w i t h  a c u r r e n t  estimate (Whipple, 1963A) of the  expec ta t ion  

of frequency of meteoroid pene t ra t ions  i n  Figure 22. 

p e n e t r a t i o n s  per square meter-day is p l o t t e d  as a func t ion  of th ickness  

f o r  t h e  p e n e t r a t i o n  of aluminum s h e e t s .  The .0025 c m .  and .005 c m .  

Explorer XVI BeCu ce l l  d a t a ,  as w e l l  as t h e  -0025 cm.  and .005 Ex- 

p l o r e r  XXIII s t a i n l e s s  s t e e l  c e l l  d a t a ,  are p l o t t e d  a t  equiva len t  

The number of 

th icknesses  of aluminum based on labora tory  impact tests wherein i t  

w a s  determined t h a t  t h e  r e s i s t a n c e  t o  p e n e t r a t i o n  of t h e  beryl l ium 

copper and s t a i n l e s s  steel is about twice t h a t  f o r  aluminum. The b a r s  

on t h e  s a t e l l i t e  d a t a  i n d i c a t e  t h e  s t a t i s t i ca l  u n c e r t a i n t y  i n  t h e  d i -  

rect measurements. With a 95% confidence,  the  a c t u a l  v a l u e  l i es  be- 

tween t h e  bars  shown. There i s  reasonably good agreement between 

measurements obtained from t h e  several s p a c e c r a f t  i n  s p i t e  of the  f a c t  

t h a t  a number of  ref inements ,  as pointed out  prev ious ly ,  have not  y e t  

been appl ied  t o  the  d a t a .  For the th inner  m a t e r i a l s ,  t h e  r a t e  of de- 

c r e a s e  of the frequency of penetraeion with th ickness  i s  seen t o  be 

considerably l e s s  than tha t  previously est imated.  Also, f o r  t h e  t h i n  

m a t e r i a l s ,  t h e r e  is approximately two o r d e r s  of magni tude-d i f fe rence  

between the measured penet ra t ion  r a t e s  and the  estimate. On t h e  o t h e r  

hand, the  pene t ra t ion  frequency and r a t e  of change i n  t h i c k  m a t e r i a l s  

are i n  b e t t e r  agreement with t h e  estimate. 
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CONCLUDING REMARKS 

The d i r e c t  meteoroid p e e  t r a t i o n  measurements by spasaiiaft have 

s i g n i f i c a n t l y  narrowed the  unce r t a in ty  i n  p red ic t ing  t h e  pene t r a t ion  

frequency i n  m a t e r i a l s  approaching a c t u a l  spacec ra f t  sk in  th icknesses .  

Although t h e  da t a  obtained a r e  extremely use fu l  t o  spacec ra f t  des igne r s ,  

measurements of pene t r a t ion  rates in t h i cke r  materials which w i l l  co r r e -  

l a t e  with ground-based observat ions must be determined before  a complete 

a p p r a i s a l  of thc  near -ear th  meteoroid hazard t o  space f l i g h t  can be 

a s c e r t a i n e d .  
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PEGASUS I AND II PENETRATION RATES 
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